tation pressure gradient. RV end-diastolic area (RVEDA) index was calculated as RVEDA divided by body surface area. RV systolic function was assessed with the tricuspid annular plane systolic excursion (TAPSE) and the RV fractional area change (FAC) normalized for body weight (TAPSEn and FACn, respectively). The severity of tricuspid regurgitation (TR) was the only independent predictor of the RVEDA index (P < .001). TAPSEn and FACn were not significantly different among varying degrees of PH severity and between dogs with and without R-CHF.
Conclusions and Clinical Importance:
The RVEDA index can be used to evaluate RV size in dogs. It can provide additional information in dogs with PH and predict R-CHF. Severity of TR is the main determinant of RV enlargement in dogs with PH.
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| INTRODUCTION
Pulmonary hypertension (PH) in dogs is associated with various conditions, including idiopathic pulmonary arterial hypertension, pulmonary diseases, heartworm disease, thromboembolic diseases, and congenital or acquired cardiac diseases. 1 Chronic PH can lead to changes of the Abbreviations: 2D, two-dimensional; 3D, three-dimensional; BSA, body surface area; BW, body weight; FAC, fractional area change; FACn, fractional area change normalized for body weight; PH, pulmonary hypertension; RV, right ventricle; RVEDA, right ventricular end-diastolic area; R-CHF, right-sided congestive heart failure; TAPSE, tricuspid annular plane systolic excursion; TAPSEn, tricuspid annular plane systolic excursion normalized for body weight; TR, tricuspid regurgitation; TRPG, tricuspid regurgitation pressure gradient.
right heart, including right ventricular (RV) hypertrophy, dilatation, and RV dysfunction, and can lead to right-sided congestive heart failure (R-CHF). 2, 3 RV enlargement and systolic dysfunction are associated with poor prognosis in humans. [4] [5] [6] [7] [8] [9] Transthoracic echocardiography is the main non-invasive method for diagnosing PH both in humans and in dogs. 1, 10 In humans, RV size and function are quantitatively assessed mainly using Mmode, 2-dimensional (2D), 3-dimensional (3D), and Doppler echocardiography. [11] [12] [13] 3D echocardiography is superior to 2D echocardiography to evaluate RV size, however it is time-consuming, not readily available, and the equipment is expensive. Thus, in clinical practice, 2D evaluation of linear and area dimensions of the RV are the most commonly used variables to assess RV size. [11] [12] [13] [14] [15] [16] [17] 3D echocardiography is also the gold standard non-invasive tool for assessing systolic function. However, the tricuspid annular plane systolic excursion (TAPSE) and the fractional area change (FAC) are commonly used variables of RV systolic function in clinical practice. 11, 12, 18, 19 In dogs with PH, RV size and function are typically assessed by subjective assessment or M-mode evaluation. [20] [21] [22] [23] [24] However, in humans, 2D echocardiography is more accurate than M-mode for evaluating RV size and function, and the subjective approach is relatively inaccurate. [11] [12] [13] [14] 25 Reference ranges for the quantitative assessment (M-mode and 2D) of RV size and function in healthy dogs have recently been proposed, and weight-specific reference intervals provided. 16, 26 The aim of this study was to evaluate the RV end-diastolic area (RVEDA) as a 2-dimensional indicator of RV size, and TAPSE and FAC, as indicators of RV systolic function in dogs with PH. Our hypothesis was that RV size increases with both the severity of PH and tricuspid regurgitation (TR), and that RV size is a predictor of R-CHF. In addition, we hypothesized that RV systolic function decreases with the severity of PH.
| MATERIALS AND METHODS
The investigation was prospective, multicenter, and observational. signs of left-sided congestive heart failure, dogs were assigned to the precapillary group. If presenting with severe left heart disease with signs of increased pulmonary venous pressure and/or left-sided congestive heart failure, dogs were assigned to the postcapillary group. 1 The presence of R-CHF was based on the presence of ascites associated with jugular venous distension, hepatomegaly, and a subjectively dilated caudal vena cava.
Exclusion criteria for this study were the identification of a congenital heart disease, acquired cardiomyopathies, pericardial disease, severe pleural effusion, atrial fibrillation, and breeds typically prone to arrhythmogenic right ventricular cardiomyopathy (boxers and bulldogs). In addition, all dogs receiving sildenafil or pimobendan were excluded from the study, due to the potential influence of these drugs on TRPG and RV systolic function. Figure 1 ). 11, 13 The RVEDA index was calculated as the ratio of RVEDA and body surface area (BSA). 13, 14 The BSA was calculated as 0.101 × body weight (kg) 2/3 , as previously described. 32 The TAPSE was measured from M-mode recordings of the lateral aspect of the tricuspid valve annulus seen from the left apical 4-chamber view optimized for the right heart.
11,26
The fractional area change ( The echocardiographic images were stored as digital data for later analysis. All measurements were performed offline by the same operator (TV) evaluating 3 cardiac cycles, and the mean values were calculated.
| Statistical analysis
Statistical analysis was performed with a commercially available statistical software. a Descriptive statistics were generated. analysis was used to identify the best diagnostic cut-off of the RVEDA index to identify R-CHF, and the optimal combination of sensitivity and specificity was determined using the Youden index.
In dogs with PH, simple (univariate) linear regression analyses were performed to determine the strength of association of selected clinical (age, sex, and heart rate) and echocardiographic indices (TRPG and TR severity) with the RVEDA index. Multiple linear regression analysis was used to identify significant independent predictors of the RVEDA index.
The variables were entered into a multiple linear regression model in a backward stepwise manner if P was <.2 based on univariate linear regression analysis.
Finally, to verify the applicability of the RVEDA, TAPSE, and FAC in a clinical setting, intra-and interobserver measurement variability were determined with the coefficient of variation (CV). For the intraobserver variability, 1 operator (TV) calculated RVEDA, TAPSE, and FAC from 6 randomly selected echocardiographic studies on 2 different occasions 30 days apart. The interobserver variability was carried out by 2 operators (TV and OD) measuring the RVEDA, TAPSE, and FAC from 6 randomly selected blinded echocardiographic studies.
A value of P < .05 was considered statistically significant.
3 | RESULTS
| Study population
A total of 163 dogs of 22 breeds were included: 89 dogs with PH and 74 healthy dogs (Table 1) . Dogs with PH were significantly older than controls (P < .001) and had a lower BW (P < .001). Regarding sex, no differences were found between dogs with PH and healthy controls (P = .16).
In the PH group, 25 dogs had mild PH, 25 had moderate PH, and with precapillary PH had a higher TRPG compared to postcapillary PH (P < .05; Table 2 ). were found between dogs with moderate and severe PH (P = .056). In the univariate analysis, among the clinical and echocardiographic variables, TRPG (P = .002) and TR severity (P < .001) showed a positive association with the RVEDA index. However, only TR severity maintained a significant (P < .001) and independent association with an increased RVEDA index based on multivariate analysis (Table 3 ).
The RVEDA index was significantly higher in dogs with R-CHF , with a sensitivity of 100% and a specificity of 73% (Table 4 ). No differences in the RVEDA index were found between dogs with precapillary and postcapillary PH (P = .81).
| Right ventricular systolic function
The TAPSEn and FACn did not significantly differ among dogs with mild, moderate, and severe PH compared to healthy dogs (P = .54 and P = .67, respectively). No differences in TAPSEn and FACn were found between dogs with R-CHF and dogs without R-CHF (P = .32 and P = .64, respectively). TAPSEn and FACn were significantly higher in dogs with postcapillary PH compared to dogs with precapillary PH (P < .001 and P < .05, respectively) ( Table 2) . However, even when analyzing dogs with precapillary and postcapillary PH as separate groups, TAPSEn and FACn did not significantly differ among dogs with different levels of PH, nor between dogs with and without R-CHF. Abbreviations: FACn, fractional area change normalized for body weight; R-CHF, right-sided congestive heart failure; RI, reference interval; RVEDA, right ventricular end-diastolic area; TAPSEn, tricuspid annular plane systolic excursion normalized for body weight; TR, tricuspid regurgitation; TRPG, tricuspid regurgitation systolic pressure gradient. a P < .001 compared to control group. b P < .001 compared to mild PH group. c P < .001 compared to moderate PH group. Data represent median (min-max) or number (percentage). Abbreviations: FACn, fractional area change normalized for body weight; R-CHF, right-sided congestive heart failure; RI, reference interval; RVEDA, right ventricular end-diastolic area; TAPSEn, tricuspid annular plane systolic excursion normalized for body weight; TR, tricuspid regurgitation; TRPG, tricuspid regurgitation systolic pressure gradient. a P < .05 compared to pre-capillary group. b P < .001 compared to pre-capillary group. Data represent median (min-max) or number (percentage). Table 1 ). The TRPG was significantly higher in dogs with moderate and severe TR than in dogs with mild TR (P < .001; Table 5 ). 
| Reproducibility of measurements
Intraobserver and interobserver measurement variability for RVEDA yielded an average CV of 7.4% and 9.1%, respectively. Intraobserver and interobserver measurement variability for TAPSE yielded an average CV of 3.2% and 4.7%, respectively. Intraobserver and interobserver measurement variability for FAC yielded an average CV of 6.6% and 12.9%, respectively. This study uses a 2D echocardiographic index of RV size in dogs with PH. Similar to previous investigations in humans and in dogs, 22, 23, 36, 37 in our study the RV size increases in dogs with moderate-to-severe PH and not in those with mild PH. In contrast, a recent study in dogs did not detect any differences in RV size in dogs with a different severity of PH, 24 but the authors of that study assessed RV size using linear dimensions obtained by M-mode. This finding could reflect the inaccuracy of M-mode in assessing RV size. Another study in dogs reported RV dilation not only in moderate-to-severe PH but also in dogs with mild PH. 20 However, in this study, RV dilation was only based on a subjective assessment, which is relatively inaccurate compared to objective assessment, as demonstrated in humans. [9] [10] [11] [12] 25 In our study, the RVEDA index was significantly higher in dogs with R-CHF compared to those without R-CHF, and an RVEDA index of >10.9 cm 2 /m 2 , best predicted R-CHF. In line with our results, a previous study in dogs with induced PH by pulmonary artery banding reported a significant increase in RVEDA in onset R-CHF. 38 This result is in accordance with the literature for humans, where RV enlargement is of clinical importance as it reflects RV pressure and volume overload, and is associated with prognosis with PH. 3, 5, 7, 8 Multivariate analysis revealed that RV size is mainly influenced by TR severity (volume-overload) rather than by TRPG (pressure-overload) in dogs with PH. This is in line with the literature on humans,
| DISCUSSION
where RV size and remodeling in patients with PH is mostly influenced by TR severity. 39, 40 In patients with PH, TR is mainly caused by tricuspid annulus dilation and papillary muscle displacement secondary to RV remodeling. 39, 41 The development of TR leads to RV volume overload and presumably triggers a cycle of progressive annular dilation, RV remodeling, and worsening of TR. 38, 39 In addition, considering that in our study almost all the dogs with R-CHF exhibited a severe TR, we can hypothesize that the severity of the TR is more important for the development of the R-CHF rather than RV systolic dysfunction. Again, this is in line with the literature on humans, where TR severity is negative prognostic factor. 40, 42, 43 TAPSE and FAC are reproducible indices of RV systolic function in veterinary practice. 26 In our study, TAPSEn and FACn did not FIGURE 3 Box and whiskers plot for right ventricular end-diastolic area (RVEDA) index in dogs with and without right-sided congestive heart failure (R-CHF). The RVEDA index was significantly higher in dogs with R-CHF than in dogs without R-CHF (*P < .001) 44, 45 and is a significant confounding factor when applying TAPSE to assess RV function. 46 As is known, 46 TAPSE increases with TR severity irrespectively of RV function. Consequently, differences in TR severity among studies could potentially influence the estimation and interpretation of RV systolic function. Our results highlight that dogs with postcapillary PH showed higher RV systolic function measurements than dogs with precapillary PH. Other studies in dogs with myxomatous mitral valve disease have also found that TAPSE did not change with PH severity. 22, 24 This result could be due to the hyperdynamic left ventricle in myxomatous mitral valve disease which causes a traction on the RV free wall and subsequently a shift in the tricuspid annulus toward the left due to ventricular interdependence. 24, 47 Our study has some limitations. First, the sample population was not homogeneous, in fact, the healthy group was younger and weighed relatively more than the dogs with PH. Second, the body condition score was not evaluated in the study population, and since the RVEDA index is calculated using the BSA, the body condition score could have influenced this index. Similarly, the presence of ascites could have influenced the RVEDA index; however, the body weight was always evaluated after paracentesis. Third, in our study PH was classified according to the TRPG and not by invasive measurements of pulmonary artery systolic pressures (ie, right heart catheterization), which represents the gold standard. However, quantification of the TRPG is currently used by most cardiologists to estimate pulmonary artery systolic pressure in small animals. Abbreviations: AUC, area under receiver operating characteristic curve; RVEDA, right ventricular area index; Se, sensitivity; Sp, specificity. The value with the asterisk (*) represents the clinically significant cut-off, with the least amount of overlap between groups (optimal combination of sensitivity and specificity, and highest Youden index). Abbreviations: FACn, fractional area change normalized for body weight; R-CHF, right-sided congestive heart failure; RVEDA, right ventricular end-diastolic area; TAPSEn, tricuspid annular plane systolic excursion normalized for body weight; TR, tricuspid regurgitation; TRPG, tricuspid regurgitation systolic pressure gradient. a P < .001 compared to mild TR. b P < .001 compared to moderate TR. Data represent median (min-max).
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